The measurement of the total pp cross section and its various sub-components (elastic, inelastic and diffractive) is a very powerful tool to understand the proton macro structure and fundamental QCD dynamics. In this contribution I first provide a theoretical introduction to the topic, then a summary of the experimental techniques and finally I review the new results from AUGER and LHC experiments.
Theoretical framework
Regge theory is the theoretical framework that is used to study many soft QCD processes such as diffraction and the total cross section. The first main feature of the Regge pole model is the existence, in the complex angular moment J -t plane, where t is the 4-momentum transfer squared, of trajectories α(t) = α + α t such that, whenever t = m 2 (where m is the mass of a particle in the trajectory), then α(t) correspond to the spin of the particle, Figure 1 Right pane: Evolution of the value of total pp cross section as a function of the center-of-mass energy as predicted by the COMPETE collaboration. The darkest band is the fit that has the best χ 2 /DOF using pre-LHC points.
can be understood as group of particles that are exchanged together, i.e., referring to Figure 1 (left pane), in the scattering process pπ o → nπ + not just the ρ particle is exchanged, but all particles on the ρ trajectory. The second main feature of the Regge pole model is the relation between exchanged trajectories and high-energy behaviour: the contribution to the total cross section from a given trajectory is given by σ(s) ∝ ImA(s, t = 0) ∼ s α−1 , where ImA(s, t = 0) is the imaginary part of the scattering amplitude computed at t = 0 GeV and α is the intercept of the exchanged trajectory. The equation of the trajectory indicates a very important feature: if the intercept is lower than one, the contribution of a trajectory to the total cross section decreases as a function of increasing center-of-mass energy. All the trajectories that are formed by known particles have intercepts lower than one and therefore provide a decreasing contribution to the cross sections. This prediction is, however, not supported by the experimental points: following an initial decrease, the value of the cross section rises as the center-of-mass energy grows, Figure 1 (Right pane). This problem is solved by introducing a new trajectory with an intercept larger than one: the pomeron trajectory, shown also on Figure 1 (left pane). The exchanged particles (poles) on the reggeon and pion trajectories offer guidance on how to write the scattering amplitude A(s, t), however this is not the case for the pomeron trajectory, as it has no particles on it. The possible contributions of the pomeron trajectory to the total cross section have different analytic forms depending on the type of diagram considered:
where collaboration, which has produced a prediction for the evolution of the value of the total pp cross section as a function of centerof-mass energy, Figure 1 (Right pane). The three most common parametrizations of the cross section are:
These studies find that the analytic form that fits the low energy data points better is Equation 5 and their best pre-LHC predictions are: σ T ot (7 T eV ) = 98 ± 5 mb; σ T ot (8 T eV ) = 101 ± 5 mb; σ T ot (14 T eV ) = 111.5 ± 5 mb. Following the experimental discovery at HERA of the steep rise of the gluon distribution as a function of center-of-mass energy, the predictions for the total cross section were also updated. In particular, Equation 4 was modified introducing a second simple pole, the so called hard pomeron
45 . The combined fit using the soft and hard pomerons lowers the soft pomeron intercept from 0.08 to 0.067 while the hard pomeron intercept value of 0.45 is perfectly compatible with HERA results. Figure 2 (left pane) shows the various contributions to the cross section as a function of the center-of-mass energy. A feature common to many models is the continuous rise of the cross section with energy that eventually leads to the violation of unitarity. In particular, the value of the total cross section has to respect the Froissart-Martin bound: σ T ot (s) < π mπ ln 2 (s), which at LHC is however not a real constrain as its value is very large: σ T ot (pp) < 4.3 barn. The inclusion of this bound and the effects of multiple exchanges in the calculation of the value of the total cross section is called unitarization. The overall effect of [4] unitarization is to reduce the value of the total cross section: Figure 2 (right pane) shows the predictions of the two-pomeron model without (bare) and with (eikonal, saturated) unitarization effects. According to [4] , a value σ √ s=14T eV T ot (pp) = 120 -160 mb would be a clear sign of the two-pomeron model while a value around 110 mb would be an indication of the ln 2 (s) behaviour. It's interesting to note that the prediction from a given parametrization is the outcome of the interplay of its functional expression and the unitarization scheme used. 
Proton -proton elastic scattering
Elastic scattering, pp → pp, is a very important process to probe the macro structure of the proton, and it represents roughly one forth of the total cross section. A sketch of the proton macro structure, following [5] , is shown in Figure 3 (left pane): the outer corona (1) is composed bycondensates, the middle part is a shell of baryonic charge density (2), while the valence quarks are confined at the center (3). Elastic scattering probes the proton at a distance b given by b ∼ 1/ √ t. At low t values, the cross section is well approximated by an exponential form:
and is largely dominated by the outer corona (1), Figure 3 (right pane). At higher values of t, the cross section has a more complex form, reflecting the additional contributions from inner layers. At values of t above 4 GeV 2 the cross section is dominated by quark-quark elastic scattering (the so called deep elastic scattering). As the center-of-mass energy grows not only the proton becomes blacker (the cross section increases) but also grows in size: the value of the slope parameter B increases (the so called "shrinkage of the forward peak"), indicating an average lower values of t and therefore a longer interaction range. The relative importance of the various components described in Figure 3 (right pane) changes with energy as shown by the experimental data from ISR, Figure 4 , where the values of the position and depth of the dip decrease with increasing center-of-mass energy.
Montecarlo models
The Montecarlo (MC) models commonly used in high-energy and cosmic-rays physics can be approximately divided into two large families. The MC models in the first group (QGSJET, SIBYLL, PHOJET, EPOS) are based on Regge Field Theory (RFT), and they differ among themselves for the implementation of various aspects of the model parameters. For their focus on soft and forward physics they have been intensively used in cosmic-rays physics and they are a very important tool in the study of the total cross section. These MC models have been extended to also provide predictions for hard QCD processes. The second group of MC models is based on the calculation of perturbative QCD matrix elements (PYTHIA, HER-WIG, SHERPA) and the relative importance and absolute values of soft processes (total and inelastic cross section, fraction of non-diffractive and diffractive events) just reflects the chosen internal parametrization.
Topologies of events in σ T ot (pp)
Three main components contribute to the value of σ T ot (pp). (i) Elastic scattering pp → pp: 20-25% of σ T ot (pp). This is a very difficult process to measure and requires dedicated experiments. (ii) Diffractive scattering pp → Xp; pp → pXp; pp → XY : 25 -35 % of σ T ot (pp). This group includes all processes that are mediated by the exchange of a colour neutral object traditionally called pomeron. For this reason these events are recognizable by the presence of a large gap in the rapidity distributions of final state particles. This process includes single, double and central diffraction. Low mass diffraction is experimentally difficult to measure as the hadronic activity produced in the interaction is very small. (iii) Non-diffractive scattering (everything else), this is the easiest part to measure, as normally the events have a large number of particles and can be easily detected. The distinction between elastic and non-elastic scattering is quite obvious, therefore often the results are presented in terms of three components: σ T ot (pp), σ El (pp) and σ Inel (pp), while the distinction between diffractive and non-diffractive events is much less straightforward.
5 Measurement of σ T ot (pp), σ El (pp), and σ Inel (pp) using elastic scattering. The TOTEM experiment at the LHC has the capability to detect elastic pp scattering and to measure the differential cross-section for elastic pp scattering as a function of the four-momentum transfer squared t [6] . The results are shown in Figure 5 (left pane). In order to derive the elastic and total cross-sections, the extrapolation to the optical point t = 0 GeV 2 was performed. The elastic data were integrated up to |t| = 0.415 GeV 2 , where the effect of the larger |t|-contributions is small compared to the other uncertainties. The optical theorem can be used to calculate the total pp cross-sections from the value of the t distribution extrapolated to t = 0 GeV 2 :
where the ρ is the ratio of the real to the imaginary part of the forward scattering amplitude. The value of ρ has both been predicted by the COMPETE collaboration (ρ 2 0.02) [7] and measured by TOTEM (ρ 2 = 0.009 ± 0.056) [8] . The minimum t value than can be reached using the TOTEM roman pots depends on the LHC optics: as the angular beam spread σ(θ) is inversely correlated with the accelerator parameter β * , σ(θ) ∝ 1/ √ β * , it is necessary to have large β * values to achieve a small beam angular spread and therefore be able to measure low values of t. In * achieved by the LHC has been β * = 1000 m, allowing to detect scattered protons with t 5 * 10 −4 GeV 2 . In the low t range (t < 0.4 GeV 2 ), the TOTEM collaboration measured the value of the slope parameter to be B = 19.9 ± 0.3 GeV −2 , confirming the shrinkage of the forward peak. The TOTEM collaboration has also measured the differential pp distribution in an extended t range: Figure 5 (right pane) shows this result together with the prediction of several proton models which do not quite reproduce the data well. Using Equation 7, the value of the σ T ot (pp) can be obtained while the inelastic cross section is obtained by subtraction: σ Inel (pp) = σ T ot (pp) − σ Inel (pp). Using data collected both at √ s = 7 and 8 TeV, the TOTEM collaboration has produced a complete set of measurements, shown in Table 1 . As outlined above, the complete measurement of all processes that compose σ Inel (pp) is very difficult and currently no experiment is able to do it. Both cosmicrays and collider experiments can directly measure only parts of σ Inel (pp) and therefore need to use MC or analytical models if they want to provide an estimate of the full values of σ Inel (pp).
Cosmic-rays experiments
Cosmic-rays experiments measure the interaction of the primary particle with a nucleus in the atmosphere via the secondary particles, generated in the hadronic shower, that reach ground level. This method is bound to carry significant uncertainties as the measured quantities are only indirectly related to the primary scattering event: the cosmic-rays flux composition, the atmospheric molecular mixture, the modelling of the hadronic shower, and the limited detector acceptance concur to the measurement uncertainties. The value of σ Inel (p − air) directly influence the distance x that the primary particle travels in air before interacting, Figure 6 (left pane): lower values of the cross section move the point of interaction x 1 deeper into the atmosphere. There are two main methods to reconstruct the x 1 position. (i)
Ne Nµ : the ratio of the number of electrons to the number of muons is related to the shower length. By measuring this number together with the shower direction, the position of x 1 can be determined. This method relies on MC models to simulate the shower development and to correctly predict the ratio Ne Nµ as a function of shower depth. (ii) X M ax -tail: for fixed energy of the primary particle, the probability of having a shower maximum deeper and deeper in the atmosphere decreases exponentially and therefore fitting the distribution of the position of shower maximum as a function of the depth allows to reconstruct x 1 , Figure 6 (right pane). To select a sample of primary particles rich in protons the deeper tail of the distribution is used in the fit, as heavier primary particles interact earlier on. The AUGER collaboration [9] , using this second method, has recently published a new result for the proton-air inelastic cross section at 57 TeV: σ 57T eV Inel (p − air) = 505 ± 22 (stat) +28 −36 (syst) mb. The range of values used in the fit is chosen so that the remaining helium and heavy nuclei contribute less than the statistical uncertainty. The first step of the measurement is the evaluation of Λ η which, using MC models, is linked to the value of σ Inel . The determination of Λ η has a systematic uncertainties of ±15 mb, while the remaining part of the systematic uncertainty is due to the process of extracting σ Inel . From the proton-air cross section, the values of the proton-proton inelastic and total cross-sections can be obtained using the Glauber model (for an introduction see [10] ) that basically describes the nucleus-nucleus interaction in terms of elementary nucleon-nucleon interaction. The Glauber model takes into account various nuclear and QCD effects such as nuclear geometry, opacity of nucleons, multiple interactions, diffraction, saturation, Fermi motion, the total, inelastic and elastic cross sections at lower energies and the value of the proton-air cross section at 57 TeV to provide an estimate of proton-proton total and inelastic cross sections. The AUGER collaboration finds that in the Glauber framework the inelastic cross-section is less dependent on model assumptions than the total cross-section. The result for the inelastic and total proton-proton cross-sections are σ 57T eV Inel (pp) = 92 ± 7 (stat) ± 9 (syst) ± 7 (Glaber) mb and σ 57T eV T ot (pp) = 133 ± 13 (stat) ± 17 (syst) ± 16 (Glaber) mb. 
Collider experiments
Collider experiments such as ALICE, ATLAS and CMS are able to directly measure the fraction of σ Inel (pp) composed by those events that leave enough energy in the detector, typically in a rapidity interval η ≤ |5|, where the definition of enough is experiment and technique dependent. The results published so far rely on two different methods: (i) Forward energy (ii) Pile-up counting. This method, used for the first time by the CMS collaboration [11] , assumes that the number (n) of inelastic pp interactions in a given bunch crossing follows the Poisson probability distribution:
where λ is calculated from the product of the instantaneous luminosity for a bunch crossing and the total inelastic pp cross section: λ = L * σ Inel . The probability of having n inelastic pp interactions, each producing a vertex with >1, >2, or >3 charged particles with p ⊥ > 200 MeV/c within |η| = 2.4, for n between 0 and 8, is measured at different luminosities to evaluate σ Inel from a fit of Equation 8 to the data. Figure 7 displays the data points as a function of the instantaneous luminosity, for events with n = 0 to 8 pileup vertices. For each n, the values of the Poisson distribution given by Equation 8 are fitted as a function of λ = L * σ Inel to the data, providing an estimates of σ Inel (pp).
Forward energy method to determine σ Inel
The basic idea of this method is to count the number of events that, in a given interval of integrated luminosity, deposit at least a minimum amount of energy in either of the forward part of the detector; the number of events is then converted into a value of cross section by accounting for detector and pile-up effects. ATLAS and CMS require to measure at least E min = 5 GeV in the rapidity interval 3 ≤ |η| ≤ 5 which is equivalent to, according to MC studies, a minimum hadronic mass M X of at least 16 GeV/c 2 ( ξ = M 2 X /s > 5 * 10 −6 ). Inel (pp). Figure 8 (left pane) shows a compilation of the ALICE, ATLAS and CMS results for different selection criteria. The data points are compared to a large set of MC models predictions, used both in cosmic-rays physics and collider experiments. Although several Monte Carlo models such as EPOS, QGSJET 01, QGSJET II-4, PYTHIA 6, and PYTHIA 8 reproduce correctly the value of σ T ot (pp), only QGSJET 01 and QGSJET II-04, and PYTHIA 8-MBR (but less so) are able to simultaneously reproduce the less inclusive measurements. This observation suggests that most of the Monte Carlo models overestimate the contribution from high-mass events to the total inelastic cross section, and underestimate the component at low mass.
Results
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Measurement Table 2 . σ inel (pp) values for ξ > 5 × 10 −6 and for interactions with >1, >2 and >3 charged particles in the final state, with their uncertainties from systematic sources of the method and from luminosity.
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Conclusions
The concurrent efforts of several cosmic-rays and collider experiments have provided in the last couple of years a large quantity of measurements on the values of the total, elastic and inelastic cross sections as well as the values of cross sections for particular final state. The total value of the cross section is very well reproduced by the prediction of the COMPETE collaboration and favours a ln 2 (s) dependence of σ T ot (pp). Common MC models used in collider experiments fail to concurrently reproduce the new measurements, pointing to an underestimation of the amount of low mass events.
